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ADSORPTION OF llYD)RATiED) IIALII)DI IONS ON C(IAIiI) ILl(f'RODFlS.
MOILFCULJAR DYNAMICS SIMUIA'iIION.

James N. (Ulosli
and

Michael R. I'hilpott

IBM Research Division
Almaden Research Center

650 I larry Road
San Jose, CA 95120-6099

ABSTRACT

Constant temperature molecular dynamics has been used to simulate the adsorption or hy-
drated halide ions X- = F, Cl-, Br and I-, and lithium ion Li' on a flat uniformly charged
surfaces. The simulations were done with either 214 water molecules and two ions (Li ' and
X-) in a box 2.362 nm deep or with 430 water molecules and the two ions in a box 4.320
nm deep. The boxes were periodically replicated in the xy directions. The magnitude of the
surface charge or the box ends was +-0.11 e/(nm)2, corresponding to an electric field of 2
x107 V/cm. The lateral dimensions of the simulation cell were 1.862 nm x 1.862 nm (x X
y) in each case. All of the water molecules and ions interacted with the end walls via a weak
9 - 3 potential. The ST2 water model and parameters optimized for alkali halides interacting
with the model ST2 water molecule were used in the calculations. Common practices of
truncating the interactions at a finite distance (0.82 nm) and switching off Coulomb inter-
actions at small distances were followed. The temperature was set at T = 2.411 kM/mole (290
K).

Some of the properties calculated were: distribution density profiles for ions and water across
the gap important for comparisons with Gouy-Chapman theory, adsorbed ion - water pair
correlation functions, the number of water molecules in the first and second hydration shells
of the ions as a function of time. The time spent by a water molecule in the hydration shell
was calculated to be approximately ten times longcr for lithium than any other ion. The
correlation between distance from the electrode and hydration number was studied and gen-
erally found to be pronounced for the larger anions. Comparison of the dynamics of the
common ion Li ' for different anions revealed the subtle influence of a transcell interaction
in the 2.362 nm thick film.

In the given field the smallest ions Li` and F[ remained (ldly solvated at all times. Chloride
behaved quite differently. Part of the time this ion was far enough away from the electrode
to be fully hydrated and part of the time it was in physical contact (ic., physisorbed) on the
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electrode with no water molecules interposed between it and the electrode. Bromide favourcd
contact adsorption over full hydration most of- the tije. lodide was obscvtcd to be contact
adsorbed almost all of the time. These simulations provide new insights on the behavior of
strongly hydrated ions at surfaces and how the transition from njon-contact to 'Contact,
adsorption occurs.
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I. !NTRODUCTION

In a previous paper (I), constant cncrgy inolecClar dy\naflhiCs sitinlalations Of thc

adsorption lithium and iodide ions firom aqueous solution onto charged surf ccs were

described. This paper continues this study with an investigation of the halide series

(fluoridc, chloride, bronmide, and iodide) characterized by incrcasing ionic radius and

decreasing hydration enthalpies, adsorbed on an ideahlied flat charged surlacc situated

at the ends of a box replicated periodically in the lateral (xy) directions.

Capacitance, chronocoulombic, spectroscopic and cllipsoinctric measurements of ions

adsorbed at electrochmcical interfaces have long been interpreted using a standardized

model (2-4). It has been shown that the larger ions adsorb with at least partial loss

of the inner solvation shell. For metal electrodes this process is called contact

adsorption, and on some noble metals a series has been determined in which higher

members displace lower ones from the surface (2, 5). A fuller discussion was given

in the first paper (I). It is a goal of this paper to understand more about the tran-

sition from adsorbed but fully solvated ion to adsorbed ion in physical contact with

the surface when there is a static electric field attracting the ion to the surface. We

tacitly assume this local property of the ions is not greatly affected by gross

misshandling of the long range electrostatic fields of the interface through the appli-

cation of the cut-off. The field chosen is at the upper end of fields in

thermodynamically stable double layers. In weaker fields the average position of the

ion was closer to film center (6). We show how essential features of the contacting

process can be modeled with a system consisting of two ions and 214 water molecules

sandwiched between charged nonmetallic plates 2.362 ntm apart. More elaborate cal-

culations with 430 waters, two ions and plates 4.320 nin apart were performed to

check for transcell interactions between adsorbed ions. Such interactions were indeed

found. The study revealed new features about the way the adsorption process pro-

ceeds. Properties calculated and reported here include: time dependence of the z



coordinates of' ions, time dependence of ion hIydrition numbers, timne aiveragcd dis-

tribution of ions and water across the electrolyte liln, and tie lou-water pair corre-

lation functions. The first property showed that the transition to contract adsorption

first occurs for CI in the given electric field. The second showed how solvation shells

were affected as the adsorbed ions jittered back anl Forth under opposing influences

of thermal forces and the combined attraction of thc electric and wall forces.

All the frequently used wvatcr models (ST2, TIPS and SPCF:) (7-9), havc paramctcrs

optimized to bulk properties. Consequently nonC may be adequate to describe

quantitatively a water molecule outside a mean field approximation to it's hulk envi-

ronmcnt. Our strategy to side step this difficulty is to perform calculations on a series

of related ioas in the expectation that by considering a series with the same charge

and a graduated property like radius, the water-ion-wall interactions will span the

experimental range of phenomena observed as ions approach a charged surface. The

presence of the I.i' counter ion in all the calculations provides a useful sanity check

against pathological conditions that might arise due to the assumptions like finite

cut-off of long range interactions. With the exception of Xc-Pt( I I) system (10) there

are no well proven or tested molecule- or ion-surface potentials. Consequently we

are currently unable to connect directly with either ex situ measurements

e.g., I- on Pt(l 11) or CI- on Ag(100) performed by transferring emersed electrodes

into UHIV (11) or in situ surface crystallographic measurements like Sexafs and Xanes

of under potentially deposited (upd) metals (12, 13).

In one respect the model used here was simpler than the set of assumptions consti-

tuting the standard model (2) of ionic adsorption on metal electrodes. In our model

all species were attracted to the electrodes by the same 'wall' potential. This potential

and the static electric field were not subject to the 0.82 nrn cut-off applied to all the

intermolecular interactions.
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The ST2 parameters describing lithium and to a leser extent Iluoride are suspect

because in the case of lithium ion the hydration enthalpy calculated is too large

compared to experiment (14-16). It is possible that the adsorption of the smallest ions

Ai+ and F" as fully hydrated species in the 2x10 7 V/cm lield could be artilfacts due

to the exaggerated hydration enthalpy. I lowever this argument does not aflect our

general conclusions if only because the applied static field used is at the upper end

of fields encountered in electrochemical double layers and if more realistic model pa-

rameters had weaker hydration interactions there would still be fields where the simall

ions would adsorb fully hydrated. In weaker fields than the one used in this paper

the ions relax towards film center (6). We will discuss the effect this could have on

the interpretation of the calculations more fully in a later section.

Another point of concern is the electrical discharge of contact adsorbed ions. In the

older papers and text books (2, 17) halide adsorption is treated as a physisorption

phenomenon. However there is exceptionaly good experimental evidence that argues

strongly that this is far too simplistic a picture. After contact adsorption a large

polarizable ions like iodide on metals Au and Pt can 'discharge' and become

chemisorbed (11, 18-21). Discharge of ions and the formation of chemisorbed species

is outside the scope of the classical molecular dynamics scheme used here.

tains its full charge.

We close this section with a brief review of recent M I) calculations in the general

area of solid - aqueous interfaces. In a very early study, the Mainz group (22, 23),

followed the evolution of eight Lil and 200 water molecules between l~ennard - Jones

walls for 10 and 20 ps. They were only able to calculate short time correlation

functions and not the adsorption process which required at longer simulation than they

were able to do at the time. Rose and Benjamin (24) have described MI) simulations

of a single Na and a single Cli ion in a slab of 512 waters (flexible SiPC" model

(25), ) between two lPt(100) surfaces. The geometry and potentials werc those devised
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by I leinzinger and coworkers (26, 27). [or l't(lO0) the first nionola•er o! wvater was

strongly bound. A result of significance was the calculation of' the I lelniholtz flee

energy of adsorption in zero electric field. The anion was more strongly bound than

the cation. More recently Seitz-Beywl et al (28) have studied hydration of IA+ and

! separately in three layers of water at thc Pt surfilce. hvcy used the flexible water

model of Bopp ct al (29), in a simulation lasting 7.5 ps. The work reported here is

complementary to that cited and described above.

There is also continuing interest in thin fihits of water and electrolytes in] connection

with a possible phase transition (30, 31), vibrational relaxation dynamics, hydrogen

bond formation dynamics (32, 33), and the interaction of water withl mctals treated

as jellium half spaces (34).

This paper is arranged as follows. Section II describes the models used for ions and

water and details of computation. Sections III through Vii describe the results for

the halide ions, and the last section summarizes the main results and conclusions for

this series of simulations.



11. THE MODEL.

In the calculations described here WC use the \V;Itcr model 0riinIIlh: devVised bY

Stillinger (7, 35), and commonly referred to as thc S12 model. Althotuh i this modcl

required more computer time because it contains four chargcd and one utcharped

point particles, this draw back is more than compensated by the cxtcTpivc set of

l.ennard-Jones parameters for use with all the alkali imetal cations and halidc anfioVIs.

These parameters were developed in a series of molccular dynamics calculation,; hv

l cinizinger and Spohr (26, 27).

Interaction Energy

The Coulomb interaction between molecules was represented as sum of lit inter-

actions between atomic point charges. These intcractions were soften for small mo-

lecular separation by a switching Function S(R) . This switching Function was

introduced by Stillinger (7), and was clearly documented by Steinhauser (35). The

short range part of the intermolecular interaction was modclcd by Lennard-.Jones

potential between the atoms of each molecule. All molecule-molecule interactions

(both lir and Lennard-.lones potentials) were cut-off in a smooth fashion at molecular

separation R = 0.82 nm by a truncation function 7(R) . The atoms of each molecule

also interacted with surfaces at z = + z, . Both surfaces were treated as flat featureless

plates with a uniform electric charge density of i-r and - a on the - z. and + 2,

plates respectively. This gave rise to a uniform electric field, E= 4ztKf7 in the positive

z-dircction where the electrostatic coupling constant K had the value 138.936

KJ.nm/(mole. e2) in the units used in this calculation. Non Coulombic interactions

between the walls and all the atoms were represented by the 9-3 potential (wall po-

tential) introduced by Lee et al (36). The complete interaction cnergy U is,
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Kq A, qfl ?•,S f( R., oRi,)+

feA,

+ -qd'z• + ((z• +- Z) (z. ± zr,)1 )4 ((.--- •,) • -- ,1
+ qj,), 

(zA--2

where I and j were molecular indices, and, a and f? \vcrc atomic indices. I lcre A, was

the set of 11 atoms of molecule i , R, was the distance between the center of' mass

of molecules i and j, and The symbol r.p was thc distance between atoms a and fl.

For small R the Coulomb energy was modificd by the switching function

S(R, RI,, R,,) given by,

0 R < RI,.

S(R, RL, RU) - R R R <R<Ru (2)(Ru - RIl, )3

I R11R< R

The values of RL and Ru were dependent on the types of the molecular species that

weic interacting.

As mentioned above the tails of Coulornb and Lenmard-Jorics pair interactions were

cut off by the truncation function T(R). T'he [brm of T(R) was given by,
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71R R- < R<

0 R1 < R

The same truncation function was applied to all molecular inteiactions, with

!?" 0.779 i'm and R,',=0.820 nln. The integers II and n controlled tile smloothlness

of the truncation function at R' and R,, respectivcly. In these calculations n1 = i = 2

which insured that the energy had smooth first spatial dcrivativcs.

Equations of motion

All molecules, in this study, were considered as a rigid collection of point atoms. That

is all bond lengths and angles within a molecule were lixed. Yo evolve a collection

of these molecules a quaternion formulation of the rigid body equations of motion

was used (37). The center of mass position (Re) and velocity (V,) was used to describe

the translational degrees of freedoms of molecule i. The orientational motion of the

molecule was described by the quate;nion q, = (q,, q1, q?, q') and the rotational velocity

(u,4), as measured in the body frame of the molecule. The one exception to this was

for monatomic molecules, in which case the orientational degrees of freedom were not

needed.

The discussion of the equations of motion begin by considering the potential energy

U. From equation 1, it can be seen that the potential energy can be treated as a

scalar function of tile variables (R,,..., RA; rl,..., r.), where N is the number of molecules

and n is the number of atoms in the entire system.

U = U(RI,..., RNv; ri,..., r,,) (4)



()f course not all thcse 'ari•tbcs aic Independcnt. I lowc\cr (Or the putrpose,; o the

lbl6o,,vng two dclfinitions theN arc trcated a;s hMdcpc,,dcii 'ari rt hlcý,

t 'V V( 5
f• a - Vr. ,,, F'i -• XVr,'. {

The total Corce F! and torque T,, can he cxprcscd it) tcrrin 11 f. and F, a;s

cu" A, A,

The translational motion of the molecule is (dcscihbcd by the first ordcr ordinary dil-

ferential equation,

dRi dV,d, v M di -- * (7)

For the rotational motion it is convenient to work in the body axis of the molecuic,

where the moment of inertia I, is diagonal and time independent. It is useful to define

the operator Q.

1 2 3-- q -- qi -- q•
^ j q j - q• q

0 3 2
j q,-q qj

q, q, - q(

2 1 0

-qi q1  q1

and the body frame rotational force

R b b %b (9

Using these quantities, above, the following first order ordinary (lilicrential equations

can be written to describe the rotational motion



dt -id

This set of equations conserve the total energy for time independent potentials (i) .

A constant temperature ensemble may be simulated by introducing a velocity de-

pendent term in the acceleration terms to constrain the total kinetic cnergy. The

constant temperature equations of motion are written as,

dRi ddt -Vi, Alfi di F[ - yVi

b-d A b A b d R R "b

idi

This choice of y ensures that the total kinetic energy of the systems is constant.

Model for water molecules and ions.

In the ST2 model the water molecule consisted of a central oxygen atom (OSST2)

surrounded by two hydrogen atoms (IIST2) and two massless point charges

(PCST2) in a rigid tetrahedral arrangement (bond angle = cos '(lI/lr-) ). The

O_ST2/H_ST2 and O_ST2/PCST2 bond lengths were 0.10 nm and 0.08 nm respec-

tively. The oxygen atom was the only Lcnnard-Jones 'atom' in ST2 water. The

hydrogen and point charges interacted with their surroundings (i.e. atoms and sur-

faces) by Coulomb interactions only. The ions were treated as non polarizable

Lennard-Jones 'atom' with point mass and charge.

Interaction Parameters.

The atom-atom and atom-surface interaction parameters are given in Table 1. These

parameters are taken from work of I lcinzinger and Spohr (26, 27). The combining
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rules for unlike species were: rAA = (1:A-n)-", aR ... 'AA + a4). The switching lunIc-

tion interval ends R• and R"b all vanish except [or S12/ST2 pairs, whcrc

R, 1"-0.20160 nm and f ,-fl 0 .3 2 8 7 n-.

Simulation details

The systems considered had either 216 or 432 molecules and ions. In thc mrnin set

of simulations a system of 214 water ST2 moleculcs, one Li ion and one halide ion

were studied. For all systcms the molecules were confined to a rectangular simulation

box with dimensions 1.862 nim x 1.862 nm x2.362 run ( x x y x z) and periodic

boundary conditions in the x and y directions. In the calculations with 432 molecules

the simulation box had the same x and y dimensions and was 4.230 nm thick in the

z direction. Initially the molecules were randomly disposed on a cubic lattice with

lattice parameter 0.31 nm. The equations of motion were integrated by a fourth order

multi-step numerical scheme with a 2 fs time step. With this scheme the time step

to time step rms fluctuation of quaternions length and energy/temperature was about

0.0002% and 0.0009%/0.002% respectively. Though small, these changes could lead

to global drift, so at each time step a small scaling correction was made to the

quaternions and velocities. Also the global center of mass velocities in the x and y

directions was set to zero at each time step by shifting the molecular translational

velocities

All calculations were performed on an IBM RS/6000 model 540 operating at 16

Mflop. For the simulations involving 432 molecules and ions a 100 ps simulation

with 2 fs time step took approximately 25 hours.

Ion-water pair correlation functions.

The ion - water pair correlation functions for all the ions were calculated in the

manner described in the first paper (1). Figure I shows the result for all the ions

studied in this paper, the distribution including only water molecules in a cone with



half angle 60' pointing into the bulk with axis parallel to tile z axis. [or chloiide,

bromide, and iodide the second peak appeared identical. 'Ihe third peak ill the figure

contained a narrow minimum at 0.8 nm. This is indicated by the arrows in Figure

1. This feature was due to the seam in the water distribution due to the truncation

of all interactions between 0.779 and 0.820 nm (see iqn.3).

Cross correlation values.

"The correlation between two variable v and iv was tested by evaluating the cross

correlation factor fl,

VV_ <vw> - <v> <w> (12)

_ (V>2)(<WW> _ <W> )

where <0 > denote the average of 40 . If v and w arc completely uncorrelated, fi

vanishes and if v and w are highly correlated, the magnitude of fl will be close to one.

The cross correlation factor was used to explore the correlation between the ion's

position and hydration number

Residence and Exchange Times

It was of interest to consider the mean residence time of a water molecule in a ion's

hydration shell. The hydrations shell's inner and outer radii r, and r. respectively are

determined by the minimums of the ion-water pair correlations function. A water

molecule is consider to have entered the hydration shell when the water-ion separation

r satisfies the relationship, r,(l + 6) < r < r.(l - 3) for the first time. The parameter 6

is a small number that filters out water molecules that only make very short time

excursions into the shell. For this calculation b is chosen to be 0.1 . A water mol-

ecule is then consider to have left the hydration snell when r < r,(i - 6) or

r,(i + 6) < r In this case 6 filter out events where a water molecule makes a short time

excursion out of the shell. We consider the residence of this water molecule about
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the ion to be the time between these two events. [hen mean residence time 1"P is

approximatcd by averaging this time over all water molecules than both cntcr and

leave the hydration shell during the simulation.

A related measure of the rate of change of the hydration shcll, is the inean time of

change of the hydration shell. This is simply the average time between events where

the set of water molecules that constitute the hydration shell changes. In this paper

a hydration shell is consider to have changed if it mcmbcrship differs from the original

for more than Ips A stable hydration shell is considered to be created when its

membership remains unchanged for more that lps. The mean time to change :.fi" sub

C is defined as the time to change of a stable hydration shell averaged over all stable

shells created in the simulation.
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III.RESULTS FOF LiF

Figure 2 shows the time evolution of the z. coordinate (see left side vertical scale) of

the lithium ion and fluoride ion for a time period lasting 1000 ps, in a cell also con-

taining 214 water molecules. The broken lines at zIj = 0.934 nm at top and hottoin

of the figure indicate where the hard wall part of the surface potential begins i.e.,

where V(z) = 0. The configurations used in constructing this figure were I ps apart.

In the starting configuration both ions wcrc located near the cathode corresponding

to time t and position z given by (t, z) = (0, -0.5). In Figure 2 this corresponds to

a point near the bottom left edge. tUnder the influeice of the electric field the fluoride

ion migrated the greatest distance, traversing most of the water layer to reach the

anode corresponding to the broken line at z = 0.934 nm at the top of the figure.

It took approximately 100 ps for the fluoride ion to traverse the film. It is not un-

reasonable to assume that during this time the solvent underwent considerable mixing,

and that sufficient time lapsed sufficient time for the whole system to settle into the

part of phase space describing equilibrium of the ions and associated waters. Notice
that in the applied field the path of the z coordinate of the fluoride ion for the first

100 ps was not a monotonically increasing function of time. The initial movement

was best described as a steady drift with superimposed high frequency jitter most likely

due to interactions of the ion's primary solvent shell with surrounding solvent. This

type of motion has been frequently seen in our studies of hydrated ions, and may

well be typical of ions pushing through a Il-bonded network. For times greater than

100 ps the time dependence of the z coordinate of both ions looks qualitatively the

same. The range of positions for the ion was about 0.4 nm, not much more than the

diameter of a water molecule ( a = 0.31 nm). The time averaged position of the

fluoride ion was -0.668 nm, about one water diameter from the hard wall region (Izi

= 0.934 nm).
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Also shown inl Figure 2 as a Function of time for cach ion arc the numbers of water

molecules in the first and second solvation shells. The data was sampled every 5 ps

not every I ps as for the z coordinates. The radii of the solvation shells were chosen

to be at the minima in the calculated ion-water pair correlation Functions. For lithium

these were at r = 0.2785 nm (first shell) and r 0._500 nm (second shell). For

fluoride these were at r = 0.3405 nm (first shell) and r = 0.5527 nin (second shell).

It can be seen that for lithium the first shell contained six waters with very infrequent

excursions to five and seven. There was one event that lasted more than live

picoseconds (see bottom right in Figure 2). The time averaged first hydration shell

number was n = 6.01 . This is consistent with the calculation of Szasz et al (38),

who reported the same value for bulk electrolyte, and the neutron scattering exper-

iments of Newsome et al (39), and I lewish et al (40). T[he mean time to change Tc

of the first solvation shell was between about 25 ps and 35 ps. This was in the range

of all the other calculated values for the lithium ion with different anions. Table If

summarizes the hydration water residence times for all the ions. In the case of lithium

the residence time was about 100 ps for the first shell. This was about an order of

magnitude larger than for the second shell, and approximately consistent with the

mean time between changes (25 x 6 vs. 106 ps). These numbers are consistent with

those reported for ions in a bulk environment in the interesting paper of Impey et

al (15). Roughly the residence times on L.i+ ions in different IUX solutions were the

same, with the larger values associated with greater statistical uncertainty. It was also

three times greater than residence time for water in the first shell of fluoride ion. For

the first shell there did not appear to be much correlation between position and hy-

dration number for the first shell. The calculated correlation coefficient was 0.1. In

the second shell the hydration number fluctuated between seven and sixteen, with a

calculated average value of I 1.4, displayed a strong correlation with distance from the

electrode. The correlation coefficient of 0.5 supported the visual impression. The



mean tine to change of the second shell was a not much larger thlan the sa mple in-

terval and so not reliable, except to say that it was of' the order of I ps. 'Ihle picture

that emerged was that the lithium ion and it's first shell le considered as a rather still

or even as a rigid ob-cct, surrounded by a compliant second shell.

For fluoride the first shell contained seven waters with frequent excursions to six and

seven, and a fiew to rive. The average first shell hydration number was 6.8. The mean

time between changes of the first shell was 3 ps. This was an order of magnitude

smaller than for lithium. The residence time ( see T'able 11) for hydration water was

about 25 ps, in the 216 molecule system, and a little longer (33 ps) in the larger

system. The differences are not large enough to be considered significant. Therc was

no apparent correlation between first shell hydration number and position, and this

was reflected in the calculated correlation of 0.18. In the second shell the hydration

number fluctuated between ten and twenty two, with an average value of 15.4. There

was a correlation with distance from the electrode about the same as in the second

shell of lithium. The correlation coefficient was 0.57.

Figure 3 shows the density profiles for lithium and fluoride ions (normalized to unity)

and water (normalized to 214) across the gap. Only configurations with time greater

than 100 ps were used in accumulating this density profile. The figure also shows

schematically a cartoon of the relative positions of the ions and water molecules in

the first hydration shell closest to the surface. Clearly in the density 'peak' position

both ions are hydrated. Not surprisingly the cation has a peak closer to the electrode

since it is the ion with the smaller radius. The lithium peak position was at -0.709

nm and the fluoride was at 0.661 nm. The average positions were -0.668 nm (Li' )

and 0.628 nm (F). The difference 0.05 nmn should be compared to the difference in

Lennard-.lones radii which is 0.08 nm. The range of positions of both ions is very

similar, a little less than 0.5 nin in each case. The hydrated ions have the density

profile of a particle trapped in a well undergoing BIrownian motion. For convcniencc
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the main featurcs of the densities (br ions and water arc collected into Tables Il lI and

IV.

The water density profile has interesting features. "The larger peak at -0.803 ni was

due to water in the first layer of the sample. When structure in the water distribution

is compaced with the ions it is clear that the larger size of the anion is responsible

for the shallow minimum located near 0.66 nm. This conclusion was further sub-

stantiated by the increase in size of this feature with size of the anion. This will be

seen clearly in later figures of density profiles. Calculations of the density profiles for

water center of mass and the hydrogen atoms were also performed. T[he most inter-

esting feature of these calculations was a small but distinct peak in the hydrogen

distribution near the cathode at -0.992 nm. This was due to protons oriented towards

the electrode.

Figure 4 shows density profiles calculated with the wider box (4.230 nm) containing

twice as many molecules and ions. The hard wall was located at z = +-1.868 nm.

Notice that the density profiles are narrower (smaller full width at half maximum).

The reason for this was traced to smaller fluctuations in the positions of the ions

because of weaker transcell interactions. The plots of z vs. t (time) did not show the

same range of movement seen in Figure 2. Also the ions were more strongly adsorbed

as judged by their peak positions, which were each closer to their respective electrodes.

The peak positions relative to the hard wall are listed in Table Ill. For fluoride the

distance from peak to hard wall was 0.13nm compared to 0.27 nm for the thinner film

with 216 molecules and ions. The cartoon for tile fluoride ion shows in to be closer

to the electrode in Figure 4 compared to Figure 3. There was also a small shift to

the electrode for the cation, but it was smaller due to stronger binding of the waters

of hydration. With a cut off radius of 0.82 nm the ions did not couple directly by

Coulomb interactions. There was no overlap of the range of the interactions that

would be possible at times in the 2.262 nm thick sample.
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There is some concern that tile transcell ion attraction in the thin films may bc an

artifact due to the truncation of the Coulomb potentials of thc sort recently described

by Bader and Chandler. (41). Bader and Chandler identified an artificial, truncation

induced attraction between ion of like charge, however argue that for ions of unlike

charge such artifacts should be reduced. This and the fact that the transcell attraction

is decreasing with film thickness argue that we are not seeing such truncation induce

effects.

Figure 4 also showed that the water at the interface was quieter, as measured by the

peaks and troughs in the water density profile. Major feature positions are recorded

in Table IV. Note first that the density in the middle of the films was about the same.

The peaks corresponding to surface water were higher at both surfaces relative to bulk

for the 432 molecule system compared to the 216 system. Corroborating this notion

was the deeper water exclusion trough near the fluoride ion, implying a higher degree

of time averaged organization around the anion.
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V. RESULTS FOR LiCI

Figure 5 shows the time evolution of the z coordinate for the lithiunm ion and chloride

ion in a 216 molecule and ion simulation. Shown also is the time depcndencc of the

number of water molecules in the first and second solvation shells for chloride.

Lithium is not shown because it was essentially identical to the rcsult already plotted

in Figure 2. The starting configuration was the same as previously described for 111.

Note first that the time dependence of the lithium ion was qualitatively the same as

in the LiF simulation and is not discussed further here. The time dependence of the

z coordinate for chloride was different to fluoride. l)uring the first 100 ps of the I(iCI

simulation hydrated Cl- moved faster under the influence of the electric field and ar-

rived at the anode sooner than fluoride did under similar conditions. This observation

is significant since it is in qualitative agreement with experimentally measured trans-

port numbers in dilute solutions (42-44). This difference was due to the larger effec-

tive radius of hydrated fluoride which binds its solvation shells more tightly than the

chloride ion. In passing we note that the chloride ion z coordinate also showed jitter

similar to that already described for fluoride in Figure 2.

For times greater than 100 ps the time dependence of the z coordinate of chloride

looks qualitatively different from the strongly hydrated ions fluoride and lithium. First

note that the chloride nucleus occasionally touches and penetrates the hard wall,

which in zero electric field occurs at IzI ý 0.934 nm. This means that chloride spends

some time contact adsorbed, in contrast to fluoride which never made direct physical

contact with the electrode.

Inside the box in Figure 5 the data for the first and second solvation shells of chloride

was sampled every 5 ps not every I ps as for the z coordinates. The radii of the

solvation shells were chosen to be at the minima in the calculated chloride ion-water

pair correlation functions. For chloride these were at r = 0.3758 nm (first shell) and

r = 0.6558 nm (second shell).
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For chloride the first shell fluctuated mostly in the range live to seven with excursion1

to three and occasionally as high as ten (not shown in tile time spanned in figure 5).

The average hydration numbers for the first and second hydration shells averaged over

900 ps were 6.1 and 20.6 respectively. The first number is consistent with tle pio-

neering studies of l)ietz et al (45), who calculated 6.5 ±0,5 for the chloride ion in

bulk electrolyte. There was an apparent correlation between first shell hydration

number and position when the ion was close to the electrode. The calculated corre-

lation was 0.51. For times greater than 100 ps the second shell hydration number

fluctuated between twelve and thirty seven. The averaged hydration number was 20.8

for the second shell. Again there was apparent correlation with distance from the

electrode and the calculated correlation was 0.81, higher than for the shells of smaller

ions. The residence time for water on chloride was about 15 ps for the large system

and a little smaller for the small system (see Table 11). It was not dependent on shell

indicating that the shells are mixing in comparable fashion consistent with water being

weakly bound. This was the common description for all except the two smallest ions.

Figure 6 shows the z dependent density profiles for lithium and chloride ions (nor-

malized to unity) and water (normalized to 214) across the film. Only configurations

with times greater than 100 ps were used in accumulating these density profiles. The

total simulation time was actually 1100 ps more than shown in the figure, so that for

chloride statistics were collected for a total duration of 1000 ps. The main peak

(average) of lithium ion occurred at -0.732 nm (-0.679 nm) with closest approach at

-0.827 rim and furthest position at z = -0.283 nm. Values are tabulated in Table Ill.

The lithium distribution resembles that for LiF quite closely.

For chloride the main peak (average) was at 0.709 nm (0.747 nrn), closest at 0.968

nm and farthest point at z = 0.449 nm. The range of displacements of the chloride

ion was about 0.5 nm. This was greater than shown in IFigure 4 which only showed

the first nanosecond, a large excursion away from the electrode occurred between 1000
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ps and 1100 ps. Clearly the statistics were not sullicient to give a smooth distribution.

and it is possible that the density is bimodal fbr a gap of 2.362 Inn. I1" the density

profile is bimodal then a calculation of the potential of mean force (46) will show two

minima. This latter conclusion was also suggested by the rapidity of the transition

from contact to non-contact adsorbed conliguration (see Figure 4). It was considered

not worthwhile to pursue this aspect f urther with the model used in this paper. The

figure also shows schematically a cartoon of' the relative positions of the ions and

water molecules in the first hydration shell closest to the surface. Only when the

chloride ion is furthest from the electrode at z = 0.5 nin, is it possible for tile ion

to be surrounded by a complete first solvation shell. 'The position of closest approach

is slightly greater than 0.934 nm because the attractive electric field acts to pull the

ion into the repulsive region. Also shown in Figure 6 is tile water density distribution.

Chloride being a larger anion than fluoride gives rise to a deeper minimum located

near 0.66 nm the position of the main peak (at z = 0.71 nm) in the ion density.

Other features in common with the fluoride simulations were the sharpness of the

surface water peaks ( at zIz = 0.898 nm ) and a separate peak in the calculated proton

distribution at z = -0.992 nm near the anode (not shown in Figure 6).

Figure 7 displays the density profile results for the thicker 4.230 nm film. Note the

dramatic change in distributions for both ions. Fach was found to be sharper and

occupying a narrower range of Az. The full widths at half maximum were comparable

to those found for all the other thicker systems. The cartoon of hydration around

the chloride ligand in Figure 7 showed that the anion was more strongly adsorbed

than in the 2.3 nm film. The half widths and position shifts are consistent with the

view that transcell coupling mediated by water polarization is responsible for the much

broader distributions seen in the 2.36 nni films. The chloride distribution remained

wider than any other ion in similar cells, suggestive of the behavior seen in tile thinner

film. (hloride behaved intermediate between a•lsorbed as a I ydratcd ion and adsorbed
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in contact. The water cxclusion zofle ca z :-1.0 I.) 1n rcscinblcd that scn alrcad\

for tie fluorlidc ion in IFigurc 4. All the water density profiles were rcnixarkahly similar.

a fact reflected in part by the similarity in the valucs in Table IV.



VIRESIITS FOR liBr

Figure S displays the time depeidCeICC of thOC LOr•.• inCt( ol the Iitlill ion ;ind a

bromide ion during a simulation lasting 1000 ps. I inlike all the simu, lations presented

so far this one started with an equilibrated system in which the ions were adsorbed

on the electrodes. It was Iound that starting with the cuhic lattice lead to the Fbr-

mation of an ion pair. The procedure nsed for bromide was to start with the 6 x 6

x 6 cubic array as before but in an electric field tcn times stronger. The simulation

was run in high field for 10 or 20 ps until both ions were in contact with the

oppositely charged wall. In fields of 1.5 x 10 V/cm and greater even the cation was

contact adsorbed. With the ions separated the field was then reset at 2xIO7 V/cm.

l)ashed horizontal lines define the hard wall region of the wall potential starting at

Iiz = 0.934 nm. This is effectively the boundary surface of the electrode. Note that

the bromide ion frequently touched the boundary, and so in this model is a moderate

contact adsorber, more strongly bound than chloride in Figure 4, but not as strongly

bound as iodide (vide ultra).

The time dependence of the z coordinate of the lithium ion was a little different to

that found for LiCi and [.lir. The range of displacements is clearly smaller, which

results in the distribution being narrower. We return to this subject later.

Shown in Figure 8 as a function of time for each ion are the numbers of water

molecules in the first and second solvation shells of the bromide ion. The data was

sampled every 5 ps not every I ps as for the z coordinates. The radii of the solvation

shells were chosen to be at the minima io the calculated ion-water pair correlation

functions. For bromide these were at r - 0.4024 nin (first shcll) and r = 0.6588 nim

(second shell), same as for chloride.

For bromide the contents of the first shell fluctknatcd between five and six waters wilh

infrequent excursions to four and occasional jumps to values as high aq nine. The
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average value was 5.6 For the first shell, [he higher values wcre only weakly corre-

lated with positions further from the electrode. lhe correlation coellicicnt for the first

shell was calculated to be 0.37. In the second shell the hydration number fluctuated

between ten and twenty six. The hydration average value was 16.8 and the correlation

coefficient was 0.86, implying a strong correlation with distance from the electrode.

Table II shows the residence times follow the patte,.i established for chloridc.

l7igurc 9 shows the distribution of' Li , Br', and 214 water molecules in a strong

electric field ( 2x10 7 V/cm) across the gap bctween the charged plates. The wall po-

tential is shown for reference. Circlcs have the Lennard-.Iones radii for the ions and

water. The configurations were collected in the time interval 100 ps < time < 1000

ps. The range of bromide positions was: farthest z = 0.661 nm, closest z = 0.968

nm, and peak (average) position at approximately 0.874 nm (-0.861 nm). At the

closest approach the negative ion lay inside the repulsive regime of the wall potential.

In this simulation the anion engages in moderate contact adsorption, stronger thanl

chloride but not as strong as in the case of iodide. Note the again the presence of

the shallow minimum in the water distribution near the average position of the anion.

This minimum is slightly more pronounced than in the case of chloride. It is due to

exclusion of water molecules from the interface by the larger volume of the ion.

The results of simulations with a twelve (4.230 nm) water layer system are shown in

Figure 10. The trend to contact adsorption with larger ionic size was continued.

Again there was a narrow lithium distribution characteristic of the thicker film. What

was of interest in comparing the density profiles in Figures 9 and 10, was their simi-

larity. In all the other IiX systems the 2.36 and 4.23 nm filns show how the transccll

interaction drops in going to the thicker cell.

The transcell interactions between 1.i and Br appeared weaker in thin cell compared

say to LiF and l(iC. As with Lii, to be discussed in the next section, it appeared

that as contact adsorption increased then the more the anion decoupled from the bulk
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water and thc smaller the perturbation on the cation duC to movemncl of the anion

perpendicular to the surface. As scen irom the Figure 10 and the positions tabulated

in Table Ill the lithium cation peak at z = -1.692 ni had moved a little closer to

the hard wall, and the density profile was somewhat sharper, Indeed the lithium

position was close to that for a lithium ion without an anion but trapped against the

cathode by the static field used in all these simulations (6).
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VII. RESULTS FOR Lil

The case of lithium iodide solutions at constant cnergy were described in the first (i)

paper. New results are presented here for simulations done at constant temperature.

Iodide represents the extreme case of contact adsorption. býxperimcntally iodide is

known to contact adsorb on metals at potentials corresponding to thermodynamically

stable electric double layers. in contrast to lithium ions which do not. Time de-

pendence of the z coordinate of the lithium ion and a iodide ion during a simulation

lasting 400 ps is shown in Figure It. The sampling interval in these calculations was

0.5 ps, smaller than in all the previous calculations described so far which were all

at 1.0 ps. The starting configuration was one previously obtained in the earlier study

(1). As before the dashed horizontal lines define the repulsive region of the wall po-

tential starting at Izi = 0.934 nm. This is effectively the boundary surface of the

electrode. Note that the iodide ion spends almost all its time at the boundary, and

in this model is classified as a strong contact adsorber. It makes only short time

excursions away from the surface, and is rarely found more than 0.1 nm removed from

contact.

Also shown in Figure II as a function of time for the iodide ion are the numbers

of water molecules in the first and second solvation shells. The data was sampled

every 2.5 ps not every 5 ps as for the hydration number plots in the figures for LiF,

LiCI, and LiBr. The radii of the solvation shells taken from the calculated ion-water

pair correlation functions were at r = 0.4289 nm (first shell) and r = 0.6765 nm

(second shell).

For iodide the first shell fluctuated between two and eight, with four, five and six

being the most frequent occupation number. The average value was 5.4 ("or the first

shell with a correlation of 0.29 (weak, corresponding to no apparent correlation visible

in Figure 1i) between first shell hydration number and position. Because the ion was

so strongly adsorbed the correlation was small. In the second shell the hydration
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number fluctuated betweet eleven and twenty live. The average value was 16.8. A

weak correlation with distance from the electrode was apparent, the calciulated corre-

lation was 0.63.

As shown in Figure 12 the essential features of the iodide distribution emerge even

after a simulation running for 400 ps. The distribution of the Li ion and the 214

water molecules looks very similar to liF and LiCl solutions. In this simulat-on thc

anion exhibits strong contact adsorption. The anion density profile was sharply

peaked (average) at z = 0.921 nm (0.886 nm) very close to the hard wall. Tile point

of closest approach was 0.992 nm, and that farthest from the electrode was at 0.685

nm. The water distribution in Figure 9 has more noise than the one shown in Figure

6 for LiCI solution because of poorer statistics resulting from a simulation time of

4W0 ps duration. In spite of this the shallow minimum in the water distribution due

to the ion displacing water was clearly visible near 0.70 nm. Table IV gives the salient

features of all the water distributions.

In Figure 13 the results of the thick film density profile are displayed. As before the

system was allowed to equilibrate for 100 ps before averaging over configurations

collected during the next 900 ps. The iodide density distribution was the sharpest,

of all the halide profiles for all the systems studied here. The peak value of nearly

14 nm t in the thick film compared to II ninm in the six layer filn. A comparison

of water density profiles showed them all to be very similar, with all the distribution

differences occurring near the walls. The differences that did exist seemed to be re-

lated to the degree and strength of hydration of the adsorbed ions. Consistent with

weaker coupling across this thicker film, the water distribution near the cathode where

the Liý was adsorbed were superimposable for di(ibcrcnt anions in systems with 432

molecules and ions.
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VIII. RESULTS FOR WEAKER FIELDS

This section resumes the discussion of the quality of wvater and ion parameters for

surface studies begun in the introduction.

It has been pointed out (8) that small ion paramctcrs over estimate the of hydration

by as much as 25%. Consequently in the field we are using 2x 107 V/cm in our sim-

ulations, the ability of small ions like fluoride F and lithium Li to adsorb with intact

primary solvation shell is exaggerated compared to the larger ions. The magnitude

of this field is at the upper end for stable electroclhcniical double layers so it is of

interest to know what happens in weaker fields.

However it is an experimental fact that small ions like Li' and fluoride F- do not

chemisorb on to metals in the double region of electrode potentials, and this phe-

nomenon is attributed to their strongly held primary solvation shells. There are even

anions (PF6 -, BF - and CIO -) that adsorb more weakly than fluoride (5), in that they6 6 4

distrurb the interface even less (lower capacitance). Consequently although the ST2

parameters for Li+ do not qualitatively model the adsorption process at the value

or the static field used here, the series of I leinzinger's anion parameters does model

adsoption changes along the series. We do not expect this modelling to be quanti-

tative, for example by predicting the value of the threshold field above which the

lithium ion to be contact adsorbed.

To explore the static field dependence we calculated the density profile ror a single

Li + ion with 215 water molecules and a single I ion in 215 ST2 waters, for different

values of the applied field. All other conditions in these simulations were the same

as before.

For fields about seven times higher (ca.l.5xi08 V/cm), like the ones used in the cal-

culations of Brodsky and Reinhardt (30, 31), the lithium ion was contact adsorbed

and it was observed that all the waters of the film oriented with dipoles liz. The
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behaviour in the regime of weakcr fields is more relcvant to the prescnt study. As

the field was wcakencd the density profile of Ll ioon shiftcd towards the middle of

the water film. In zcro field the density profile p. (z) was a broad bell-like distrib-

ution with the tails reaching out to about Izi =0.5nm. This result is consistent with

that reported by Wilson ct al (47) for a single sodium ion in a 2.0 nm thick film of

water with two liquid - vapour boundaries, and can be interprctcd as the ions mi-

grating to maxitize their polarization energy in the solvent. Rclaxation times were

found to be longer than I ns, because of the large configuration space explorcd.

Consequently it was not possible to get good statistics by accumulating configurations

with brute force dynamics. This problem could be better tackled using umbrella

sampling (24) or some scheme to simplify the long tine dynamics like those used to

studied polypeptides (48).

In the case of iodide the peak in the density profile p. (z) for a given field always

occurred at a point closer to the charged wall than was the case for lithium ion. This

is consistent with the previous calculations for I' ion, and suggests that the estab-

lishment of the solvent structure around this large anion occurs gradually as the field

is weakened and the ion pulls pulls back from the wall.

What can be concluded from these results? First because of differences in ionic radii

the smaller ions will be more strongly hydrated than larger ions. As the strength of

the field is increased ions with more strongly bound solvation shells will tend to spend

more time contact adsorbed. Conversely, in the absence of a strong universally

binding interaction such as an image interaction, the adsorbed ions will shift away

from the electrode as the field is weakened. An exception will occur for large

hydrophobic ions which might remain adsorbed in a configuration that maximized

solvent entropy (it is well established that large neutral organics eg,, benzene, are

adsorbed most strongly at the potential of zero charge) (49).
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IX. SUMMARY

The simulations described here havc revealed some ol the static and dynamical comn-

plexities of the adsorption of hydrated ions onto chargcd surfaces. The main features

were as follows. i) The small ions Ii and I" did not make contact with electrode

in fields of 2xM0'V/cm because of their strongly bound first solvation shells. There

was a balance between electric and Lennard-.Toncs attraction and thermal fluctuations.

In the thin film polarization coupling mediated by water molecules increased the size

of the fluctuations experienced by the ions. ii) in the model u,!,cd here chloride was

the first ion to exhibit contact adsorption. itn the 2 nm film it appeared to have a

bimodal distribution. iii) The presence of adsorbed ions implieýs the presence of lo-

calized water held in place by the field of the ion and it's associated hydrogen bond

network. The presence of large interracial ions also means there is a depletion zone

where fewer waters are located. iv) The time dependence of the first shell hydration

numbers for lithium and fluoride corroborate the picture. The residence time of a

water molecule on lithium ion was a factor of four longer compared to fluoride. The

first solvation shell of chloride and the bigger ions were found to be all very dynamL

with residence times around 10 ps according to the model used here. Exchange of

water between the first shell and the bulk was less than about lps.

Finally we point out that their are significant physical effects not modeled in the

present study. In particular rigid non polarizable models exhibit dielectric saturation.

To more accurately account for relaxation around small ion core one clearly needs

to enhance the models in significant ways outside the scope of the present study. In

the extremely high fields near small ion cores water molecules will distort electronically

and geometrically. To account for these effects commonly adopted enhancements

include replacement of the repulsive r 12 core potentials with softer ones fashioned

after exp(-ar), or better still a sum of exponentials obtained front a quantum chemistry
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calculation, polarizable ions and neutral water moclculcs, and Ilexible water molecules.

Work on incorporating these effects in useable modcls is in progress in our laboratory.
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Table I The interaction paramctcrs (q, i, a, A, /3) and mass (m) for all atomis used

ill the simulations. whcrc qo = e 1. = I K.I/1nlte , n, , In I

A. = 17.447 x 10 6K.1 twim6 /niole , B, = 76.144 x i(0 'K.I1 nm'/nwlc , and in, IA AfU.

The i and a for unlike atom pairs is Formed from the combination rules,

AR = (A )and aC, = (aAA + a989)/ 2 .

q/lqo e/ro ri/a, rnno AIA, B/ Bo

OST2 0.0000 0.316 0.310 16.0 1 1

1IST2 0.2357 0.000 0.000 1.000 0 0

PCST2 -0.2357 0.000 0.0 0.0 0 0

Li 1.0000 0.149 0.237 6.9 1 i

F - 1.0000 0.050 0.400 19.0 I I

CI - 1.0000 0.168 0.486 35.5 I 1

Br - 1.0000 0.270 0.504 79.9 I 1

I - 1.0000 0.408 0.540 129.9 1 1
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Table i I. Summary of hydration wýatcr rc.,;idc 0CC IiCS %%IiI) the one mgiij.i cI()uo ; lo)

lI X (X= F,CI,Br,I) in water films with 216 molcculcs (2.302nm) and 432 niolecuics

(4.320irn).

LiF LiCl LiBr Lil

2.362 nm film with 216 molecules

LI+ ion, 1st shell 122+25 168+43 1154-43

Li+ ion, 2nd shell 12+0.5 124-0.4 12+0.5

X- ion, 1st shell 25+1.8 12+0.6 11±0.6

X ion, 2nd shell 13+0.4 13+0.4 12+0.4

4.320 nm film with 432 molecules

Li+ ion, Ist shell 106+14 97+12 87+17 130+22

Lir ion, 2nd shell 10+0.3 9+0.3 10+0.3 9+0.3

X ion, 1st shell 33+2.7 16+1.2 14+0.8 11+0.6

X ion, 2nd shell 15+0.6 16+0.6 16+0.6 15+0.5



lablc III tnew;•f, ol kleivtl N poldlt2c ici)idt o1 h;tlIdc jow' in two xwa'Tcr fims. All
1f011S111011'ý rcl.Itic to .lo'ck-t %wIll at j/1 U.o) '1 , tJ 2 hnm hm ii I .Xn6211r .4. a dm /1lioI

Li + • F CI Br I

2.362nm film

Zner. Zhb +0.084 -0.084 +0.034 40.058 f0.058

Zpk Zhc +0.225 -0.273 -0.225 -0.036 -0.013

Zfar Zhd +0.580 -0.556 -0.5091 -0.320 -0.249

4.320nm film

-near - Zb +0.044 -0,007 +0.062 +0.062 +0.062

Zpk -- Zhc +0.202 -0.176 -0.044 -0.017 -0.017

Zfar Zhd +0.414 -0.440 -0.335 -0.308 -0.202

a lithium from I iF simulation

b 7 . point of nearest approach to clectrode

c zk' position of peak in the density

d z f. position of farthest point from ClCctrodc
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Table IV. Summary of water density profile results fOr [iX (X -l:,(l,Br,l) two wtcr

films. All positions measured in 1m relative to nearest hard wall at ,,: O,9 3 4pwn (1u"

2.362nm film) and tzhi = 1.808 (For 4.320nm filn). The number in parentheses is the

value in nm-4 of the density profile

LiF LiCI LiBr LiI

2.362nm film

Peak on -0.060 -0.036 -0.036 -0.036
anion side (147) (143) (142) (135)

Minimum on -0.273 -0.273 -0.296 -0.273
anion side (103) ( 95) ( 93) ( 91)

Peak on 0.036 0.036 0.036 0.036
cation Side (133) (140) (138) (138)

4.320nm film

Peak on -0.044 -0.044 -0.044 -0.044
anion side (157) (150) (152) (141)

Minimum on -0.255 -0.282 -0.255 -0.255
anion side ( 96) ( 93) ( 90) ( 87)

Peak on 0.044 0.044 0.017 0.017
cation Side (146) (149) (151) (147)
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FIGURIF CAPTIONS

Figure 1. Ion-water pair correlation functions for lithium and the halide ions. The

four correlation functions for the lithium ions are superimposed showing

their essential equivalence. For chloride, bromide, and iodide the second

peak near 0.55 nm are also essentially the same within numerical error.

The dip at 0.82 nin indicated by the arrows was due to the truncation

function.

Figure 2. Time dependence of the z coordinate of the lithium ion and a fluoride ion

during a simulation lasting 1000 ps. At time t = 0 ps both ions start out

near the cathode. It takes the anion about 100 ps to migrate across the

gap. Note that the electric fields keep the ions separated and restricted to

vicinity of their respective electrodes. The ions arc not free to diffuse

throughout the gap. Dashed horizontal lines define the beginning of the

hard wall repulsive region of the potential starting at Izi = 0.934 nm. This

is effectively the boundary surface of the electrode.

Figure 3. Distribution of Li', F, and 214 water molecules in a strong electric field

(-.2x107 V/cm) across the gap between the charged plates. Wall potential

shown for reference. Circles arc Lennard-.Jones radii for the ions and water.

In this simulation the anion never contact adsorbs. Contrast this with the

results of the simulation for LiCI, Ioilr, and 1i1. Note the shallow minimum

in the water distribution near the average position of the anion.

Figure 4. Distribution of Li' , F, and 430 water molecules in a strong electric field

(-2x()7 V/cm) across the gap between the charged plates. Wall potential
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shown for reference. Circles arc [Iennard-.ones radii for the ions and water.

In this simulation the anion never contact adsorbs. Contrast this with the

results of tie simulation for LiCI, l.il1r, and 1.il. Note the shallow minimum

in the water distribution near the average position of the anion.

Figure 5. Time dependence of the z coordinate of the lithium ion and a a chloride

ion during a simulation lasting 1000 ps. At time t = 0 ps both ions start

out near the cathode. It takes the anion less than 100 ps to migrate across

the gap. Note that the electric fields keep the ions separated and restricted

to vicinity of their respective electrodes. The ions are not free to diffuse

throughout the gap. Dashed horizontal lines define the hard wall region

of the potential starting at Izl = 0.934 nm. This is effectively the boundary

surface of the electrode. Unlike fluoride the chloride ion does touch the

boundary, and in this model is able to contact adsorb in weak fashion.

Figure 6. Distribution of Li", CI-, and 214 water molecules in a strong electric field

(-2x 10 V/cm) across the gap between the charged plates. Wall potential

shown for reference. Circles are Lennard-Jones radii for the ions and water.

In this simulation the anion makes weak contact adsorption. Contrast this

with the results of the simulation for Li~r and Lil, where the contact

adsorption is more frequent and therefore stronger. Note the shallow

minimum in the water distribution near the average position of the anion.

Figure 7. Distribution of LiI, C[, and 430 water molecules in a strong electric field

('-2x10 7 V/cm) across the gap between the charged plates. Wall potential

shown for reference. Circles are Liennard-Joncs radii for the ions and water.

In this simulation the anion makes weak contact adsorption. Contrast this
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with the results of the simulation for iillr and 1.il, whee the contact

adsorption is more frequent and thereforc stronger. Note the shallow

minimum in the water distribution near the average position of the anion.

Figure 8. Time dependence of the z coordinate of the lithium ion and a bromide ion

during a simulation lasting 1000 ps. Note that the electric fields keep the

ions separated and restricted to vicinity of their respective electrodes. The

ions arc not free to diffuse throughout the gap. l)ashcd horizontal lines

define the repulsive region of the wall potential starting at Izi = 0.934 nm.

This is effectively the boundary surface of the electrode. Note that the

bromide ion frequently touches the boundary, and so in this model is a

moderate contact adsorber.

Figure 9. Distribution of Li+, Br, and 214 water molecules in a strong electric field

(-2xiO7 V/cm) across the gap between the charged plates. Wall potential

shown for reference. Circles are Lennard-Jones radii for the ions and water.

In this simulation the anion engages in moderate contact adsorption.

Contrast this with the results of the simulation for LiF where there is no

contact and Lil where the iodide makes strong contact. Note the shallow

minimum in the water distribution near the average position of the anion.

Figure 10. Distribution of Li +, Br-, and 430 water molecules in a strong electric field

(-2x107 V/cm) across the gap between the charged plates. Wall potential

shown for reference. Circles are Lennard-.Jones radii for the ions and water.

In this simulation the anion engages in moderate contact adsorption.

Contrast this with the results of the simulation for Iil where there is no
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contact and Lil where the iodide makes strong contact. Note the shallow

minimum in the water distribution near the avcrage position of the anion.

Figure 1I1 Time dependence of the z coordinate of the lithium ion and a iodide ion

during a simulation lasting 400 ps. Note that the electric fields keep the

ions separated and restricted to vicinity of their respective electrodes. The

ions are not free to diffuse throughout the gap. D)ashed horizontal lines

define the hard wall region of the potential starting at Izi = 0.934 nm.

This is effectively the boundary surface of the electrode. Note that the

iodide ion spends almost all its time at the boundary, and in this model is

classified as a strong contact adsorber. It makes only short time excursions

away from the surface.

Figure 12. Distribution of Li+, I, and 214 water molecules in a strong electric field

(--2x 107 V/cm) across the gap between the charged plates. Wall potential

shown for reference. Circles are Lennard-.ones radii for the ions and water.

In this simulation the anion exhibits strong contact adsorption. The density

profile is sharply peaked very close to the repulsive wall. Contrast this with

the results of the simulation for LiF where there is no contact. Note the

shallow minimum in the water distribution near the average position of the

anion.

Figure 13. Distribution of Li, I-, and 432 water molecules in a strong electric field

(--2x10 V/cm) across the gap between the charged plates. Simulation time

1000ps. Wall potential shown for reference. Circles are [ecnnard-Jones radii

for the ions and water. In this simulation the anion exhibits strong contact

adsorption. The density profile is sharply peaked very close to the repulsive
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wall. Contrast this with thie results of' the simulation Cor L.il: where there

ik no contirt. Note the sh-llow Mini:imum ill the w~itcr distribution near

the average position of the anion.
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